Redox Reactions and
Electrochemistry

10.1 Galavanic or Voltaic Cells

a) Anode/Cathode/Salt Bridge
b) Cell Notations

c) Determining Cell Potential/Cell
Voltage/Electromotive force (emf)

10.2 Application :types of batteries



Application (10.2) : Corrosion
Batteries
Fuel Cells

Application (10.3) Electrolytic Cells



Application to Electrochemistry

* An electric cell converts chemical energy into electrical energy

— Alessandro Volta invented the first electric cell but got his ingion from
Luigi Galvani. Galvani’s crucial observation was that two diéfietr metals could
make the muscles of a frog’s legs twitch. Unfoatety, Galvani thought this
was due to some mysterious “animal electricityf’ws Volta who recognized
this experiment’s potential.

— An electric cell produces very little electricigg Volta came

design: . / et
. . . + - paper
« A battery is defined as two or more electric ce == b ==

series to produce a steady flow of current ] oon

) ‘_I\ [\ P J\ ddne e
7n __ | L o nebowl i = - l-,.v_‘" 4
_ . . L | ofrvetals E———e
- a_ i < : ﬁ-»_ \-/

—

e R S — —— =

zZinc
metal

tn ==



e Alessandro Volta's invention was an immediate
technological success because it produced electric
current more simply and reliably than methods that
depended on static electricity.

e It also produced a steady electric clirrent —somgth
no other device could do. i
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» Electric cells are composed of two
electrodes — solid electrical conductors
and at least ondectrolyte (aqueous
electrical conductor)

 |In current cells, the electrolyte is often a
moist pastdjust enough water is added so
that theions can move). Sometimes one
electrode is the cell container.

* The positive electrode is defined as the
cathode and the negative electrode is
defined as thanode

— The electrons flow through the external circuit
from theanode to the cathodé test the voltage
of a battery, theed(+) lead is connected to the
cathodg(+ electrode), and the black(-) lead is
connected to the anode (- electrode)

voltmeter

cathode anode
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* A voltmeteris a device that measures the energy differencaymptecharge,
between any two points in an electric circuit (@d# ectric potential
difference)

— l.e. A9V battery releases 6X as much energy esetpwith the electrons from a 1.5V
battery.

— The voltage of a cell depends mainly on the chahtiomposition of the reactants in the
cell

 An ammetels a device that measures the rate of flow of chaast a point in
an electrical circuit (calledectric current)

— The larger the electric cell, the greater curtkat can be produced

Electric potential differenceis like Electric current (or flow of
the potential energy difference electrons) is like the flow of the water.
between 1kg of water at the top of the A larger drain would be like a larger
dam and 1kg of water at the bottom ef electric cell, allowing more water (or
the dam. electrons) to flow.




carbon
electrode

MnO, and
NH,CI
electrolyte
paste

Zinc

electrode
1.6V cell

Figure 6

Like a flashlight D cell, the zinc
chloride dry cell on the left has a
voltage of 1.5V. The 9V battery on the
right is made up of six 1.5V dry cells in
series.

9V battery

Primary cells cannot be recharged,
but are relatively inexpensive

cathode (+)
Table 3 Efficiencies of Different
Technologies*
Gz[g) ! Technology Efficiency*
in fuel cells 40—70%
electric power
plants 30—40%
automobile
engines 17—23%
0,(g) w—_ gasoline lawn
oUt — mower about 120
*Efficiency is the fraction of the maximum

available energy that is actually usable.

Secondary cells can be recharged
using electricity, but are expensive

anode

cell spacer

H,S0,(aq)
electrolyte
in each cell

one cell

Learning Tip

Discharging a cell or battery is
like letting the water
spontaneously run out from the
higher level behind a dam.
Charging (or recharging) is like
pumping the water up behind the
dam. This is not a spontaneous
process and requires energy.

Figure 8

Hydrogen and oxygen gases are
continuously pumped into this
hydrogen-oxygen fuel cell. Each g
reacts at a different electrode.
Unused gases are recycled.

cathode

negative plates:
lead screen filled
with spongy lead

positive plates:
lead screen filled
with Pb0,(s)

Figure 7

The anodes of a lead-acid car
battery are composed of spongy
lead and the cathodes are
composed of lead(IV) oxide on a
metal screen. The large electrode
surface area is designed to deliver
sufficient current to start a car
engine.

Fuel cells produce electricity by

the reaction of a fuel that is
continuously supplied.
More efficient, and used for
NASA vehicles, but still too
expensive for general or
commercial applications
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Zn and Cu Reactions

Voltmeter Copper
s cathode

<- Gets Larger

Cotton
plugs

| Zn _.
. ZnS0y4 solution CuS0y4 solution

to Zn2* at anode. to Cu at cathode.

Zn(s) =% Zn?'(ag) + 2¢ |

Met Reaction




Anode; Site of Oidation AnOx or both vowels
Cahode: Site of Radttion Red Cat or both consonants

Direction of electron flow; anode to cathode [(albetical)

Salt Bridge; Maintains electrical neutrality
+ lon migrates to cathode
- lon migrates to anode



Cell Notation

1. Anode
2. Salt Bridge
3. Cathode

Anode | Salt Bridge | Cathode

| : symbol is used whenever there is a differéaisp



Cell Notation

Zn(s) + C¥* (ag)g —— Cu(s) + Zrét (ag)
[Cu]=1M&[Zn%]=1M

Zn (S) | Zrer (1 M) || Cé* (1 M) | Cu )

anode cathode
More detall..

Zn (s)| Zri?(aq, 1M)| K(NQ) (saturated)|Cd(aq, 1M)|Cu(s)

anode Salt bridge cathode
19.2



Zn (s) + 2 H(aq) -> H (9) + Zn™ (aq)

IM ZnSO,

Zinc electrode

Voltmeter

K(NO,)

Salt bndge

<+— H- gas at | atm

all

Pt electrode

M HCI

Hydrogen electrode

Zn(s)| Zr?KNO;|H*(aq)|Fh(9)[Pt




Electrochemical Cells

The difference In electrical
potential between the anode and
cathode is called:

nnnnn
...........

o cell voltage

e electromotive force (emf)

o cell potential

Eca = Eo +E,

UNITS: Volts Volt (V) = Joule (J)
Coulomb, C

oXI datlon reduction

19.2



2 19.1 Standard Reduction Potentials at 25°C"

Half-Reaction E°(V)
Filg) + 26" — 2F (aq) +2.87
05(g) + 2H " (ag) + 26" — 0,(g) + H,0 +2.07
Co*'(ag) + e — Co®"(aq) +1.82
H.0,(aq) + 2H (aq) + 26" — 2H,0 +1.77
PbO,(s) + 4H " (aq) + SO3 (aq) + 2~ — PbSO,(s) + 2H,0 +1.70
Ce**(aq) + e~ — Ce’*(aq) +1.61
MnO, (ag) + 8H (ag) + 56 — Mn*"(ag) + 4H,0 +1.51
Au*'(ag) + 38 — Auls) +1.50
Cly{g) + 26 — 21 (ag) +1.36
Cr,0% (aq) + 14H"'(ag) + 66 — 2Cr* ' (ag) + 7H,0 +1.33
MnO,(s) + 4H " (ag) + 22 — Mn*"(aq) + 2H,0 +1.23
0,(g) + 4H (ag) + 4~ — 2H,0 +1.23
Bry(l) + 26 — 2Br (ag) +1.07



Bry(/) + 26” — 2Br (aq)

NO; (aq) + 4H (aq) + 3" — NO(g) + 2H,0
2Hg?(aq) + 26— Ha? *(aq)

Hg3(aq) + 26" — 2Hg()

Ag'(ag) +e — Aqg(s)

Fe'*(ag) + - — Fe**(ag)

0,(g) + 2H"(aqg) + 26" — H,0,(aq)

MnO; (ag) + 2H,0 + 36~ — MnQ,(s) + 40H (aq)
() + 26" — 21 (aq)

05(g) + 2H,0 + 4e~ — 40H (aq)

Cu**(ag) + 26 — Cu(s)

AgCl(s) + e — Agls) + Cl (ag)

502 (aq) + 4H" (ag) + 26" — 505(g) + 2H;0

+1.07
+0.96
+0.92
+0.85
+0.80
+0.77
+0.68
+0,59
+0.53
+0.40
+0.34
+0.22
+0.20



SO7 (ag) + 4H"(ag) + 26— S04(g) + 2H,0
Cu*'(ag) + e — Cu'(ag)

Sn*"(ag) + 26” — Sn*"(aq)
2H'(aq) + 26— H;(9)

Pb**(aq) + 26~ — Ph(s)

Sn’*(aq) + 26" — Sn(s)

Ni*"(aqg) + 26 — Ni(s)

Co’"(aq) + 26” — Cols)

PbSO4(s) + 26— Pb(s) + SOZ (aq)
Cd®"(ag) + 26" — Cd(s)

Fe’' (aq) + 286 — Fe(s)

Cri*(ag) + 3¢~ — Cr(s)

Zn**(aq) + 267 — Zn(s)

2H,0 + 26 — Hylg) + 20H (ag)

+0.20
+0.15
+0.13

0.00
-0.13
-0.14
-0.25
-(.28
-0.31
-0.40
-0.44
-0.74
-0.76
-0.83



2H,0 + 26— H,(g) + 20H (ag)
Mn**(ag) + 26 — Mn(s)
AP (ag) + 3 — Alls
Be*"(aq) + 26" — Be(s)
Mg*'(ag) + 26 —> Mg(s
Na(aq) + & — Nals)
(a*"(ag) + 20" —> Cal
51" (ag) + 26" — Sr(s)
Ba*"(ag) + 26 — Bals)
K (ag) + e~ — K(s)
Li*(aq) + e~ — Lils)

-0.83
-1.18
-1.66
-1.85
-231
-2/
-2.8]
-2.89
-2.90
=153
-3.05



Standard Electrode Potentials

Standard reduction potential (8 is the voltage associated with a
reduction reaction at an electrode when all solutes afd and all
gases are at 1 atm.

<— H, gas at 1 atm

Reduction Reaction
2+ 2H* (1 My— H, (1 atm)

=0V

Pt electrode
1M HCI

Standard hydrogen electrode (SHE) 19.3



Voltmeter

H- gas at 1 atm —= | Cu
Salt bridge 1

.

Pt electrode -

1M HCI .
Hydrogen electrode Copper electrode



Determining If Redox Reaction Is Spontaneous

e + E° , ; Spontaneous reaction

* - E°-g (; hONspontaneous reaction

More positive E2¢, ;
stronger oxidizing agent or
more likely to be reduced




Table 19.1 Standard Reduction Potentials at 25°C”

Half-Reaction E°(V)
F.(g) + 26 — 2F (aqg) +2.87
0Os(g) + 2H (ag) + 26 —— 0O,(g) + H,0 +2.07 . . .
ey « EOis for the reaction as written
H,0:(ag) + 2H (ag) + 28" — 2H,0 +1.77
PbO,(s) + 4H " (ag) + SO2 (aqg) + 26— PbSOL(s) + 2H,0 +1.70
Ce''(ag) + e — Ce®'(aq) +1.61 .
MNOc (a0  BH-(a0) + 5o — () .0  The half-cell reactions are
u*'(ag) + 38 — Au(s) +1.50
Cly(g) + 2 — 2C1 (ag) +1.36 =
Cr,02 (ag) + 14H"(aq) + 6e~ —2Cr*(ag) + TH,0 1133 reve rS | b I e
MnO,(s) + 4H " (aq) + 26" —— Mn?*(ag) + 2H,0 +1.23
0,(g) + 4H'(aq) ~ 4e —> 2H,0 +1.23
Brz(_!) + 2e” — EBr’(aqz +1.07 . 0
S ss | ¢ The sign o’ changes when
Hgs (ag) + 26 —— 2Hg() +0.85 . .
e o the reaction iIs reversed
5 0.g) +2H"(ag) + 26 — H,0,(ag) +068 5
E MnO; (ag) + 2H,0 + 36— MnO,(s) + 40H (aq) +0.59 5 . . . .
I(s) + 28~ — 21 (ag) 0.53
S o 5= 5 ¢ Changing the stoichiometric
X Cut'(ag) + 26— Culs) +034 9 g
gl S oz i coefficients of a half-cell
&  Cu'(ag) +e — Cu'{ag) +0.15 5 .
Eiee 44+ e ot ! ‘E
e B reactiondoes notthange the
g ij:(aq) + 29_‘ — > Pbs) —-0.13 g O
e o8 value ofE
Co’*(ag) + 2" —— Co(s) -0.28
PbS0,(s) + 2 — Pb(s) + SOZ (aq) —0.31
Cd**(aq) + 2 —— Cd(s) ~0.40 b
ooy 20 Fo wa | ¢ The more positivé® the
Cr’*(ag) + 3T —— Cr(s) ~0.74
i T— —=0.
e b greater the tendency for the
Mn?*(aq) + 2e” — Mn(s) -1.18
1 (aq) — Al(s) —
e ) - substance to be reduced
I‘\."Wg2 "(ag) + 28 —— Mg(s) —-2.37
Na'(ag) + e — Na(s) -2
Ca’*(aqg) + 26 — Cal(s) —2.87
Sr¥(aq) + 26 — Sr(s) —2.89
Ba’"(aq) + 26" — Ba(s) -2.90
K'(ag) + e — K(s) —2.93
Li*(ag) + e~ — Li(s) —-3.05

19.3

" For all half-reactions the concentration is 1 M for dissolved species and the pressure is 1 atm for gases. These are the standard-state values



Standard Potentials (cont.)

 If in constructing an electrochemical cell, you
need to write the reaction as a oxidation instdad o
a reduction, the sign of the 1/2 cell potential
changes.

Zn E°=-0.76V

N2+ 2e

Zn —— Zi+ 2e- E°=+0.76 V

« 1/2 cell potentials are intensive variables. As
such, you do NOT multiply them by any
coefficients when balancing reactions.



Writing Galvanic Cells (cont.)

Shorthand Notation

Zn|Zn?||Cu4Cu

/N

Anode Cathode

Salt bridge




Predicting Galvanic Cells

e Given two 1/2 cell reactions, how can one
construct a galvanic cell?

 Need to compare the reduction potentials of the
two half cells.

e Turn the reaction for the weaker reduction
(smaller Ef,,) and turn it into an oxidation. This
reaction will be the anode, the other the cathode.



Predicting Galvanic Cells (cont.)

« Example. Describe a galvanic cell based on the
following:

Agt+e —— Ag E°,,=0.80V

Fe3+e —— Fe2 E°,=0.77V

Weaker reducing agent — turn it around

Agt+ Fe?——Ag + Fe3 E°..,=0.03V

E°.. > 0....cell Is galvanic



Another Example

* For the following reaction, identify the two half
cells, and use these half cells to construct a
galvanic cell

aq)—— Fe(s) + 2F&(aq)

3Fi 2
oxidation
reductio@ @

Fe%(aq) + 2e- —— Fe(s) E°=-044V

FeS(aq) + e- —— F&(aq) E°=+0.77V



Another Example (cont.)

weaker reduction — turn it around

Fes(aq) + 2e- —— Fe(s) E°=-0.44V

FeS(aq) + e- —— F&(aq)] E°=+0.77V

2Fe3(aq) + Fe(sy}—— 3F8&(aq) E° =1.21V

Fe(s)—— Feé2aq) +2e- E°=10.44V




Corrosion — Deterioration of Metals

by Electrochemical Process
Rusted Ship




Corrosion — Deterioration of Metals
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Half-tarnished
Silver Dish
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Rust Formation

Air GE
Water - J st
/ us
BRI s
L/ Iron
—
Anode Cathode
Fe(s)—Fe?*(aqg) + 2~ 0,(g) + 4H*(aq) + 4e™— 2H,0())

Fe2*(aq)—Fe3*(aqg) + e



Cathodic Protection

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

Iron Nail with Zinc

Photo by Ken Karp



Abbreviated Standard Reduction

Potential Table

Ni“(ag) + 26 — Ni(s) —-0.25
Co’"(aq) + 2e — Cofs) -0.28
PbSO,(s) + 26 — Pb(s) + SOZ (aqg) —0.31
Cd*"(aq) + 2e — Cd(s) ~0.40
Fe‘'(ag) + 26— Fe(s) —0.44
Cr’*(ag) + 3¢ —— Cr(s) ~0.74
Zn*"(aqg) + 26 —— Zn(s) ~0.76
2H,0 + 2e~ — H,(g) + 20H(ag) —0.83
Mn**(aq) + 27 — Mn(s) —1.18
AP (ag) + 3e — Al(s) —1.66
Be’'(ag) + 2e  — Be(s) -1.85
Mgz "(ag) + 2 —— Mg(s) —2.37
Na"(ag) + e —— Nal(s) —-2.71
Ca’*(aqg) + 26 — Ca(s) —2.87
Sr (ag) + 26 — 5r(s) —2.89
Ba’*(aq) + 2e” — Ba(s) -2.90
K'(ag) + e — K(s) —2.93

Li"(ag) + e — Li(s) —-3.05
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Cathodic Protection of an
Iron Storage Tank




Batteries

Paper spacer

Moist paste of
/nCl, and NH,Cl

Layer of MnO,
Graphite cathode

Dry cell

L eclanché cell

Zinc anode

Anode: Zn (s) — Zft (aq) + 2e
Cathode: 2NH,* (aq) + 2MnQ, (s) + 26— Mn,0; (s) + 2NH; (aqg) + H,O (1)

Zn (s) + 2NH, (aq) + 2MnGQ, () — ZA" (ag) + 2NH; (aqg) + H,O (1) + Mn,O; (9)

19.6



Batteries

Cathode (steel)
Insulation Anode (Zn can)

Mercury Battery

Electrolyte solution containing KOH
and paste of Zn(OH), and HgO

Anode: Zn(Hg) + 20H (agq)— Zn0O ¢ + H,0 () + 2e

Cathode: HgO (s) + H,O (I) + 2e — Hg (I) + 20H (aq)

Zn(Hg) + HJO §)— ZnO ¢) + Hg ()

19.¢



Batteries

Removable cap
Cathode

Lead storage

" H,S0, electrolyte

battery
=S ~Negative plates (lead grills
~ filled with spongy lead)
Positive plates (lead grills
filled with PbO,)
Anode: Pb (s) + S (ag) — PbSQ(s) + 2e
Cathode: PbG, (s) + 4H" (aq) + SO (aq) + 2e—> PbSQ (s) + 2H,0 ()

Pb §) + PbQ (s + 4H" (ag) + 2SQ2 (ag—— 2PbSEXs) + 2H,0 ()

19.6



Fuel Cell vs. Battery

o Battery; Energy storage device
— Reactant chemicals already in device
— Once Chemicals used up; discard (unless rechdejeab

* Fuel Cell; Energy conversion device
— Won't work unless reactants supplied

— Reactants continuously supplied; products contislyo
removed



Fuel Cell

e e
Anode ( w Cathode
\ |y

«— o, A fuel cellis an
electrochemical cell
that requires a

continuous supply of
reactants to keep

—L—H_'

functioning
Hot KOH solution
Anode: 2H, (g) + 40H (ag) — 4HO () + 4e
Cathode: O, (g) + 2H,0 (I) + 46 —*40H (aq)

2H, (9) + 0, (9) —— 2HO ()



Types of Electrochemical Cells

e Voltaic/Galvanic Cefl Energy released
from spontaneous redox reaction can be
transformed into electrical energy.

« Electrolytic Cel| Electrical energy Is used
to drive a nonspontaneous redox reaction.
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Small-Scale
Electrolysis
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Electrode Reactions during the
Electrolysis of Water

Battery

Anode ' 1 I= | Cathode
1 1

': . | — Dilute H,SO, solution

Oxidation Reduction
2H,0() — O,(g) + 4H*(aq) + 4e~ 4H™Y(aq) + 4e- — 2H,(9g)
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Electrolytic Purification of Copper

Battery

Impure T Pure

copper copper
anode cathode
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